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Review 



The personalized approach in cancer 
treatment stimulates the search for 
new analytical techniques, including 
spectroscopic methods such as Raman 
spectroscopy, mass spectrometry MALDI 
(matrix-assisted laser desorption/ion- 
ization) imaging and high-resolution 
magic angle spinning nuclear magnetic 
resonance (HR MAS NMR). The purpose 
of these studies is determination of me- 
tabolic profiles of cancer tissues, and 
their application in diagnostics and the- 
rapy of cancers. The review is mainly 
focused on application of HR MAS NMR 
technique. Qualitative and quantita- 
tive analysis of metabolites by means of 
this method is described for breast can- 
cer tissues. In the near future HR MAS 
NMR in vitro studies of metabolic profiles 
combined with in vivo studies using MRI 
scanners may be applied as a new diag- 
nostic tool. 
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Introduction 

For effective treatment of cancers fast selection of therapy is essential. 
Responses to applied medicines can be different and personalized treatment 
requires collection of the maximum number of data [1]. One of them is the 
metabolic profile of the patient reflecting the present state of the organism. 
For this purpose spectroscopic techniques are applied, such as Raman spec- 
troscopy, mass spectrometry MALDI imaging and high-resolution magic angle 
spinning nuclear magnetic resonance (HR MAS NMR). These techniques allow 
determination of the structure of chemical compounds and biomolecules, and 
are applied in cancertissue examination. The purpose of these studies is iden- 
tification of metabolites characteristic for cancer diseases and correlation 
of changes in metabolic profiles with extent of disease and probable prognosis. 

Medical applications of spectroscopic methods 

Raman spectroscopy is based on irradiation of a sample by means of laser 
and recording of scattered radiation. A significant difference was observed in 
the Raman spectra of benign and malignant tissues. For cancer tissues bands 
corresponding to C-C (1150 crrr 1 ) and C=C (1520 crrr 1 ) stretching vibrations 
of carotenoids and symmetric and asymmetric vibrations of the C-H at 2850- 
2940 crrr 1 for lipids were not observed; however, these bands were present 
in the spectra of non-cancerous tissues [2]. Diagnostic algorithms [3] were devel- 
oped on the basis of Raman spectra tissues and tests of imaging were under- 
taken [4]. 

Mass spectrometry is based on ionization of the sample and separation 
of ions according to their mass to charge ratio (m/z). In analysis of tumor tis- 
sues the two-dimensional imaging of cells and tissues by means of MALDI imag- 
ing technique was performed. For prostate cancer two-dimensional maps 
of peptides and proteins containing 350-400 peaks within the range of m/z 
from 2,000 to 20,000 were recorded [5]. Two peptide ions, m/z 4,027 and 4,355, 
showed significant overexpression in prostate cancer in comparison with benign 
changes. The peptide ion at m/z 4,274 showed expression in benign tissues 
adjacent to epithelial and stromal cells while for prostate cancer it showed 
only a little or no expression. The peptide ion at 4,355 was identified as a frag- 
ment of mitogen-activated protein kinase - MEKK2 [5]. 

For breast cancertissues there were detected six peaks in the range of m/z 
from 8345 to 8640, more intense in the presence of receptor HER-2. The peak 
at m/z 8404 was identified as cysteine-rich intestinal protein 1 (CRIP1), strong- 
ly associated with HER-2 overexpression. Application of MALDI imaging allowed 
prediction of HER-2 status with a sensitivity of 83%, a specificity of 92%, and 
an overall accuracy of 89% [6]. 

The protein profiles corresponding to early stages of gastrointestinal can- 
cer disease were significantly different from advanced stage tumors. Signals 
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identified as a-defensin-1, a-defensin-2, and calgranulin A and 
B showed overexpression. Sensitivity and specificity of 
this method were 93.8% and 95.5%, respectively [7]. 

MALDI imaging was applied for 48 tissues from 25 grade 
III and IV ovarian cancer patients and 23 benign tumors. One 
of the identified peptides, PA 28 (corresponding to 84 ami- 
no acid residues from US proteasome activator complex), 
can be used as a cancer marker. PA 28 showed a high level 
of expression in carcinoma, especially in epithelial cells [8]. 

Nuclear magnetic resonance (NMR) is a universal tech- 
nique that allows one to study liquid, solid and gaseous sam- 
ples placed in the magnetic field. NMR spectroscopy is a non- 
destructive technique in comparison with mass spectrometry 
and allows histopathological analysis after measurement. 

Today magnetic resonance imaging (MRI) has become 
a more widely accessible diagnostic technique. The bridge 
between NMR measurements of liquids and magnetic res- 
onance spectroscopic imaging (MRSI) in vivo by means of 
MRI scanners is high-resolution magic angle spinning NMR, 
which was introduced in 1996. The first publication on stud- 
ies of tissues of lipoma and liposarcoma utilizing this 
method appeared in 1997 [9]. In 2009 two review articles 
about tissue spectra registration, identification of metabo- 
lites, determination of their concentration and relaxation times 
(Tl and T2) were published [10, 11]. 

Basics of HR MAS NMR measurements 

The NMR spectrum is a graph correlating signal intensi- 
ty and the frequency of radiation absorbed by the atomic 
nucleus - in the case of tissues, proton atoms. Chemical shifts 
depend on the structure of the molecule and are expressed 
in ppm (parts per million). High resolution of the spectrum 
in HR MAS technique is obtained by spinning the sample 
around an axis inclined 54.7° to the direction of the static 
magnetic field [12, 13]. Spectra recorded in vivo by means of 
MRI scanners are of low resolution. Figure 1 illustrates the 
various methods of examination of the same tissue by NMR 
technique: 1H MRSI image and spectrum recorded using 
a scanner for the selected prostate fragment, which was then 
excised and re-analyzed. There are clear differences in 
spectral resolution. The spectrum recorded in vitro provides 
more information about the kind and concentration of 
metabolites than the MRSI spectrum. 

In HR MAS NMR technique the samples are spun with 
a spin rate of 4-5 kHz [14]. Too fast spinning may cause 
mechanical changes and destruction of the sample, while 
too slow spinning decreases the resolution of spectra [15]. 

The samples of cancer tissues are frozen at -80°C 
immediately after excision [16]. It was verified that during 
prolonged storage at this temperature concentration of 
metabolites did not change [17], HR MAS NMR measure- 
ments usually are performed at 1-4°C, but also at room tem- 
perature. Tissues taken from rat - fresh excised liver and 
earlier frozen renal cortex- were examined at 17°C and 30°C 
[18]. After excision the liver samples were placed in D 2 0 saline 
on ice and analyzed. No changes were observed in NMR spec- 
tra re-recorded over 5 h after excision. However, significant 
changes in spectra of the renal cortex recorded after 10 min 
and 240 min were observed. Intensities of signals coming 



from triglycerides and trimethylamine N-oxide were 
decreased probably due to enzymatic degradation or autol- 
ysis [19]. No significant changes in concentrations of N-acety- 
laspartate, lactate and acetate in rat brain tissues (0-12 min 
after excision to freezing) were observed. It was conclud- 
ed that degradation of glucose and glycogen to lactate 
occurred duringthe excision of tissue [20]. Reduction of tem- 
perature during measurement to 2°C reduced changes in 
concentration of metabolites below 5% [21]. 

In the HR MAS NMR method analyzed tissues were 
placed in special vessels called rotors. The diameter and vol- 
ume of the rotor were 4 mm and 50 ul, respectively. For analy- 
sis 8-40 mg of sample is necessary; thus tissues collected by 
biopsy may also be analyzed. For NMR measurement rotors 
were filled up with D20 [22] or PBS solution in D 2 0 [23, 24], 

Metabolic profiles of breast cancer determined 
by HR MAS NMR technique 

Application of HR MAS NMR will be discussed in the exam- 
ple of breast cancer tissues because the most attention was 
focused on this issue. Cheng et at. were the first to study 
breast cancer tissues by means of this technique [25]. Report- 
ed spectra were dominated by signals from fatty acids. It was 
found that an increased ratio of lactate and choline con- 
centrations is associated with an increase in tumor grade. 
It was shown that an increase of T2 relaxation time of phos- 
phocholine can help to distinguish grade II and grade III of 
ductal carcinomas. Sitter et al. identified numerous metabo- 
lites: amino acids (mainly glycine, alanine, valine, leucine, 
lysine, isoleucine, tyrosine and histidine), metabolites asso- 
ciated with consumption of energy (lactate, glucose) and 
choline components (glycerophosphocholine and phos- 
phocholine) [26]. 

Principal component analysis showed increased levels of 
lactate, creatine, glycine and phosphocholinefrom specimens 
with high numbers of tumor cells. Two groups of samples 
were studied: tumors smaller than two centimeters (Tl) and 
bigger tumors (T2-T4). The last group of tumors was char- 
acterized by higher concentration of choline and glycine. High- 
er intensity ratios of glycerophosphocholine to phospho- 
choline and glycerophosphocholine to choline were found 
for non-involved samples than for tumors, whereas the inten- 
sity ratio of phosphocholine to choline was lower for non- 
involved specimens [27]. 

On the basis of microarray studies, basal molecular sub- 
type of breast cancer, an ERBB2-overexpressing group and 
two or three luminal subtypes A, B and C were distinguished. 
These subtypes indicated differences in gene expression pro- 
file and in prognosis and course of disease [28, 29], 

Borgan etai analyzed the data obtained from HR MAS with 
microarray studies of gene expression [30]. HR MAS and 
microarray analysis were performed for 46 samples of 
breast cancer. The quality of RNA obtained after HR MAS analy- 
sis for 11 tissues was insufficient; therefore for microarray analy- 
sis adjacent tissue from the same tumors was used. The exam- 
ined tissues were diagnosed as invasive ductal carcinoma with 
ER receptor expression which belong to luminal A subgroup. 
Two strategies were applied to combine the gene expression 
and metabolic data: multivariate analysis to identify differ- 
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Fig. LA- T2-weighted MRI image of prostate; B - MRSI spectrum 
taken from the voxel shown in A; C - 1H HR MAS NMR spectrum 
of excised tissue; D - histological picture of examined specimen, 
in 60% contain stromal tissue - H&E staining 

(Cho - choline, Cr - creatine, GPC - glycerophosphocholine, 
PA - polyamine, PC - phosphocholine, PPM - parts per million). 
[From: Swanson M.G. et ai, Magn Res Med 2003; 50: 944-954] 



ent groups, and study of the correlation between levels of 
metabolites and biological processes. On the basis of gene 
expression 36 tumors were classified as luminal A subtype, 
one as basal, one as ERBB2, seven normal-like and one unclas- 
sified. All samples classified as luminal A were ER positive. 



On the basis of HR MAS spectra 31 tissues were classified as 
luminal A subtype but within this subtype three subgroups 
were distinguished: Al, A2 and A3. 

In subgroup A2 glucose and alanine concentrations 
were found to be significantly lower and higher, respectively. 
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The intensity of a-hydrogen amino acid signals was signif- 
icantly lower for Al and higher for A3. Signals of lipid residues 
were significantly higher and signals of myoinositol were 
significantly lower in Al than in A2 and A3. Moreover, sub- 
group A2 was enriched for a gene related to the cell cycle and 
DNA repair. The A2 group's metabolic and transcriptional fea- 
tures indicate a higher Warburg effect and proliferation com- 
pared with the other luminal A samples. In the second strat- 
egy the correlations between concentrations of myoinositol, 
taurine, creatine, glycerophosphocholine, phosphocholine, 
glycine and choline and all transcripts in microarray were 
investigated [30]. 

Concentrations of the amino acids alanine, glycine, 
leucine, isoleucine, lysine, valine, histidine, tyrosine, gluta- 
mate, phenylalanine, taurine and creatine were deter- 
mined in 80 samples of breast cancer from patients from the 
todz region by the HR MAS NMR method [31]. Moreover, the 
presence of metabolites such as myoinositol, scylloinosi- 
tol, choline, phosphocholine, glycerophosphocholine, lactate, 
acetate and p-glucose was proven. 

A significant increase in the concentrations of creatine, 
choline, phosphocholine and glycerophosphocholine was 
found in specimens with increased numbers of cancer cells. 
Significantly higher concentration of PC was found for 
patients with higher degree of malignancy. A similar insignif- 
icant tendency exists for glycerophosphocholine, pheny- 
lalanine and glucose. After the division of samples into three 
categories (Gl, G2 and G3), differences in concentration of 
phosphocholine disappear and remain only as a strong trend. 
There was no significant correlation between concentration 
of phosphocholine and Ki 67 proliferation antigen; howev- 
er, there is a very evident trend. Lower Cr and Cho concen- 
trations were observed for tumors with metastases in axil- 
lary lymph nodes. Reduced amounts of GPC, myoinositol, 
glutamate and acetate were found for tumors with estrogen 
receptor. Only the glutamate level was significantly lower for 
tumors with the progesterone receptor. Increased level of myo- 
inositol and glutamate accompanies the presence of keratin 
CK5/6 (tendency for scyllo-inositol and isoleucine). Higher 
concentrations of Cr, GPC, acetate and glutamate were found 
for tumors with protein cyclin E present. A similar tenden- 
cy was observed for alanine, choline, taurine, glycine, myo- 
inositol, leucine, lysine and reverse for histidine. 

There are no significant differences in metabolite con- 
centrations depending on the triple-negative phenotype (ten- 
dency towards higher concentrations for phosphocholine and 
glutamate). Size of tumor, presence of HER2 receptor as well 
as overall survival do not correlate with any metabolite con- 
centration [31]. 

Conclusions 

Modern diagnostic methods enable more precise and 
faster diagnosis of patients with cancer. Application of spec- 
troscopic methods extend the analytical capabilities, in par- 
ticular nuclear magnetic resonance. It can be expected that 
the development of nuclear magnetic resonance scanners 
and higher accessibility of HR MAS NMR measurements 
would allow us to improve the diagnosis of cancers based 
on the metabolic profile. 
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